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The antiferromagnetically (AFM) ordered state of GdRh2Si2 which consists of AFM-stacked fer-
romagnetic layers is investigated by magnetic resonance spectroscopy. The almost isotropic Gd3+
paramagnetic resonance becomes anisotropic in the AFM ordered region below 107 K. The emerging
internal anisotropic exchange-fields are still small enough to allow an investigation of their magne-
tization dynamics by using a standard microwave-frequency magnetic resonance technique. We
could characterize this anisotropy in detail in the ferromagnetic layers of the excitation at 9 and 34
GHz. We derived a resonance condition for the AFM ordered phase to describe the weak in-plane
anisotropic behaviour in combination with a mean-field analysis.
I. INTRODUCTION
GdRh2Si2 belongs to the silicides with tetragonal
ThCr2Si2-structure which show exceptional magnetic
properties, e.g. the antiferromagnetic Kondo systems
YbRh2Si2
1 and CeRh2Si2
2, HoRh2Si2 which exhibits so-
called “component separated” magnetic transitions3 and
a temperature tunable surface magnetism4, or SmRh2Si2,
showing unusual valence states of the Sm ions at the sur-
face and in the bulk5. GdRh2Si2 possesses antiferromag-
netic (AFM) order of well localized magnetic moments
appearing below TN = 107 K
6 which is characterized by
an AFM propagation vector (001) and a stacking of fer-
romagnetic layers6,7. In spite of the pure spin ground
state of Gd3+ a weak in-plane anisotropy occurs which is
indicated by the magnetization behavior of the ordered
moments being aligned in the basal plane. A mean field
model could describe the magnetization data with the as-
sumption that the ordered magnetic moments are aligned
parallel to the [110] direction8.
Recent angle-resolved photoelectron spectroscopy re-
vealed two-dimensional electron states at the Si-
terminated surface of GdRh2Si2 and their interplay with
the Gd-magnetism. These surface states exhibit itinerant
magnetism and their spin-splitting arises from the strong
exchange interaction with the ordered Gd 4f moments9.
Magnetic resonance techniques are widely used to study
the dynamic properties of magnetic ordering10. With
GdRh2Si2 we study a prototypical material which not
only exhibits a simple magnetic structure but also allows
for the investigation of the magnetically ordered regime
with conventional magnetic resonance techniques at low
fields and frequencies. We could estimate the anisotropy
fields by applying a standard condition for the resonance
modes in the ferromagnetic sublattices. However, for the
resonance anisotropies observed in GdRh2Si2 common
AFM resonance theories10 turned out to be not appli-
cable. Instead, we utilized a particular mean-field model
for the AFM ordering to describe the angular dependence
of the resonance field.
II. EXPERIMENTAL
High-quality single-crystalline GdRh2Si2 were used in
this study. The growth and characterization of which is
described in Ref. 6. We investigated the paramagnetic
resonance (above TN ) and the magnetic resonance of
the ordered moments (below TN ) by using a continuous-
wave Electron Spin Resonance (ESR) spectrometer to-
gether with helium- and nitrogen-flow cryostats allowing
for temperatures between 5 and 300 K. Two frequencies
ω/2pi = 9.40 GHz (X-band) and ω/2pi = 34.07 GHz (Q-
band) were utilized to evaluate the resonance field con-
dition which in the paramagnetic region simply reads:
ω/γ = Hres where γ = gµB/~ is the gyromagnetic ratio
and g is the spectroscopic splitting factor.
In general, an ESR spectrometer allows to measure the
absorbed power P of a transversal magnetic microwave
field as a function of a static and external magnetic field
µ0H. A lock-in technique improves the signal-to-noise ra-
tio by a field modulation which then yields the derivative
of the resonance signal dP/dH as the measured quan-
tity. The resulting spectra were fitted with a Lorentzian
function including the influence of the counter-rotating
component of the linearly polarized microwave field11.
From the fit we obtained the resonance field Hres and
the linewidth ∆H (half-width at half maximum).
III. RESULTS AND DISCUSSION
A. Paramagnetic regime
For the paramagnetic regime, i.e. for T > TN = 107 K,
the ESR spectra and their temperature dependence was
discussed in a recent paper12. The spectra display a be-
havior as typically expected for well-defined local mo-
ments in a metallic environment and with a tempera-
ture dependence as expected for anisotropic exchange-
coupled paramagnets13–15. For temperatures nearby
magnetic ordering the critical linewidth divergence could
be described by a slowing down of in-plane ferromag-
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2netic fluctuations within a model for a 3D Heisenberg
ferromagnet16.
B. Ordered regime: temperature dependence
GdRh2Si2 is a layered antiferromagnet below TN =
107 K. The Gd 4f moments are ferromagnetically or-
dered within the basal plane (with alignment parallel to
the [110]-direction) while they stack in antiferromagnetic
order along the [001]-direction8.
Figure 1 shows selected spectra for the in-plane direction
H‖100. Upon cooling below TN = 107 K the paramag-
netic resonance develops into a resonance mode of the
magnetization of ferromagnetic (FM) sublattices. For
temperatures below ≈ 65 K the spectra consist of more
than two lines. The spectral structure indicated by open
circles appears near the fields of the spin-flop transi-
tion (from magnetization data6,8, indicated by stars).
By sweeping across the spin-flop field the internal field
rapidly changes and during this change it also matches
the resonance condition (Eqn. (2)) which leads then to
the observed structure. In a narrow temperature region
between 55 K and 65 K a component of the easy-direction
resonance (H‖110) is observed in the H‖100 – spectra as
indicated by the open squares. A slight misorientation
might explain that.
0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0
G d R h 2 S i 2    c  ⊥  H    1 0 0  / /  H
dP/
H (a
rb. 
unit
s)
µ0 H  ( T )
1 0 2 K
5 2 K
1 3 0 K
1 0 0 K
7 0 K
6 4 K
6 2 K
6 0 K
5 9 K
5 8 K
5 5 K
4 2 K
2 9 K
2 0 K
1 1 K
FIG. 1. (Color online) X-band (9.4 GHz) magnetic resonance
spectra at various temperatures, mostly in the magnetically
ordered region (TN = 107 K), for the external field along the
particular in-plane direction (100). Open squares and circles
indicate the resonance fields of additional lines at fields below
the main line, see also corresponding symbols in Fig. 2. Stars
indicate the spin-flop field as determined from magnetization
data6,8.
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FIG. 2. (Color online) Temperature dependence of resonance
field Hres and linewidth ∆H for the external field along two
different in-plane directions and two microwave frequencies
as indicated. Solid lines guide the eyes. Open squares and
circles indicate Hres of additional lines as shown in Fig. 1.
The spectral structures could be well described by
Lorentzian lineshapes which results in resonance fields
and linewidths as shown in Figure 2. For the external
field along the easy direction [110], the X-band spectra
disappear at temperatures below about 60 K whereas
the Q-band spectra are well defined down to the lowest
temperatures. The reason for this behaviour is a temper-
ature dependent anisotropy energy (field) which at T = 0
is between the X- and Q-band energies (fields) and which
matches the X-band energy at around 60 K. Increasing
the temperature towards TN reduces the anisotropy of
the line parameters, i.e. the anisotropy field decreases
with increasing temperature.
The anisotropy field can be estimated from the reso-
nance field as follows. The conditions of a ferromagnetic
resonance for a sample with cubic crystal structure may
be used for an approach to describe the resonance fields
in case of the ferromagnetic in-plane order in GdRh2Si2
10
(for our case with the tetragonal in-plane anisotropy the
symmetries are the same as those for the cubic case).
With this, we get the resonance condition for a ferro-
magnetic sublattice:
easy direction〈110〉 :
ω/γ = Hres + 2HA1 (1)
hard direction〈100〉 :
ω/γ =
[
(Hres − 2HA1)
(
Hres +HA1 +
1
2
HA2
)]1/2
.
(2)
Here, HA1,A2 = K1,2/M are anisotropy fields with K1,2
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FIG. 3. (Color online) Temperature dependence of reso-
nance field Hres (closed triangles) and anisotropy field (open
triangles, Eqns. 3,4) for the data at 9.4 and 34 GHz.
first (second) order anisotropy constants. From Eqns.
(1,2) we calculated HA1, neglecting HA2:
easy direction〈110〉 :
HA1 =
1
2 (ω/γ −Hres) (3)
hard direction〈100〉 :
HA1 = −Hres/4 +
√
9
16H
2
res − 12 (ω/γ)2. (4)
Figure 3 shows the results of Eqns. (3,4) by using the
experimental temperature dependent Hres.
The anisotropy field HA1 has to be distinguished from
the internal exchange fields which lead to magnetic order.
The antiferromagnetic order corresponds to an internal,
in-plane exchange field which is much too large for an
AFM resonance mode to be observable at GHz frequen-
cies. According to Eqn. (A2) from App. A the internal
field which is created by the AFM stacked FM sublattices
A and B is
Bxinterior,A,B =
3kB
µ2eff
ΘN
√
M2sat(1−
T
ΘN
)− (χ⊥Bz)2.
(5)
With an external field component Bz = 0 one obtains for
T → 0, Msat = 7µB , µeff = 8.28µB , ΘN = 107 K:
Bxinterior,A,B = 48.8 T. Hence, in order to observe an
antiferromagnetic resonance a resonance frequency of
ν = gµB/h · Bxinterior,A,B = 1.37 THz (g=2) is required.
This may hard to be verified because THz spectroscopy
requires samples with a good transmission for THz radi-
ation - which is not the case for GdRh2Si2.
The in-plane ferromagnetic order is caused by internal
exchange fields allowing for the resonance observation at
GHz-frequencies. The z-component of the internal field
is solely determined by the external field Bz as
Bzinterior,A,B =
3kB
µ2eff
ΘWχ⊥Bz (6)
again using Eqn. (A2) from App. A. One gets with
χ⊥(T = 78 K) = 0.1µB/T and ΘW = 8 K
Bzinterior,A,B/Bz = 0.052. (7)
This means that if an external field is applied along the c-
axis only ≈ 5% (at T = 78 K) is internally available as an
effective field for the magnetic resonance. For example,
using Bz = 6 T from an estimated value µ0H
‖
res = 6 T
of the out-of plane uniaxial resonance field (Fig. 4, left
frame) one gets Bzinterior,A,B = 0.31 T. This value is close
to the value for the X-band resonance field of Gd3+ in
the paramagnetic state12 and also close to the resonance
field along the FM ordered direction [110].
C. Ordered regime: anisotropy at 78 K
We investigated the anisotropy of the X-band data at
T = 78 K where the linewidth for the 110 direction shows
a minimum, see Fig. 2. The anisotropy of resonance field
and linewidth shown in Fig. 4 is considerably stronger for
tilting the external field out of the tetragonal plane (angle
Θ, left frame) than rotating it within the plane (angle ϑ,
right frame). Interestingly, the out-of-plane anisotropy
can be nicely described by an uniaxial behavior (solid
lines, left frame) just like a paramagnetic resonance with
an uniaxial crystalline field anisotropy. This indicates
that the effective internal field is always aligned along
the external field. Also, the above internal exchange-field
estimation, Eq. 7, shows that the value of the effective
resonance field corresponds to a typical g-value of Gd3+
as observed in the paramagnetic regime12.
The in-plane anisotropy as shown in the right frame
of Fig. 4 presents a 90◦ periodicity of both resonance
field and linewidth which reflects the fourfold symmetry
in the tetragonal basal plane. The open symbols show
the out-of plane data of the left frame. Obviously the
angular dependencies of both in-plane and out-of-plane
data sets are very similar near the easy direction of mag-
netization, 〈110〉. Such a behaviour can be understood
as follows: Magnetization measurements at T = 78 K on
single crystals yield a spin-flop field Bsf ≈ 250 mT for a
field parallel to the [100]-direction and a domain-flip field
Bdf ≈ 160 mT for field parallel to the [110]-direction8.
This implies that for fields of the order of the resonance
field, applied along a main symmetry direction, the mo-
ments of both magnetic sublattices are in good approxi-
mation aligned perpendicular to that field (Figs. 3 and 5
in Ref. 8). The magnetic moments can therefore be de-
scribed as one large domain that extends over the whole
single crystal. Upon rotating the field in the basal plane
40 . 3 0
0 . 3 5
0 . 4 0
0 3 0 6 0 9 0 1 2 0 1 5 0
3 2
3 6
4 0
0 . 5
1 . 0
1 . 5
0 3 0 6 0 9 0 1 2 0 1 5 00
5 0
1 0 0
1 5 0
i n - p l a n eH  ⊥  0 0 1
G d R h 2 S i 2    T = 7 8 K  
 
100
 // H 11
0 // 
H
θ ( d e g . )
 Re
son
anc
efie
ld (
T)
 Lin
ewi
dth
 (m
T)
Θ ( d e g . )
1 1 0  / /  HH  ⊥ c
H //
 c   
110
 ⊥ H
FIG. 4. Angle dependence of X-band resonance field Hres
and linewidth ∆H, [110] is the easy direction of magnetiza-
tion. External field is oriented by angles Θ and θ respec-
tive the indicated crystalline directions. Left frame: Out-of
plane anisotropy. Solid lines indicate uniaxial behavior with
µ0H
‖
res = 6T, µ0H
⊥
res = 0.29T and µ0∆H
‖ = 4T, µ0∆H⊥ =
0.03T. Right frame: In-plane anisotropy with external field
H in the basal plane (001) (c ⊥ H) at varying directions. Red
solid line indicates Eqn. (B9) with ξ = (γD/γM )
2 → 0 leading
to γD → 0. Open squares indicate the data of the left frame.
away from a main symmetry direction, the magnetiza-
tions of the two sublattices are not equivalent anymore
and a sine-like modulation of the resonance field occurs.
To model the in-plane behaviour and to describe the
anisotropy in the ferromagnetic sublattices the solutions
given by the standard theory for an AFM resonance10
are not sufficient. We are not aware of any published ap-
proach which would be applicable to GdRh2Si2. There-
fore, we derived an antiferromagnetic resonance condi-
tion for this anisotropy as described in Appendix B. The
mean-field model that describes the magnetization of the
system8 together with the resonance condition Eqn. (B2)
predicts the sine-like modulation with excellent quantita-
tive consistency as is demonstrated by the red solid line
in the right frame of Fig. 4 which depicts Eqn. (B9) in
App. B.
The mean-field model8 yields, that the values of BD
and BM (see Appendix, Fig. 5) are different for different
AFM domains. When approaching the [110]-direction,
the energy difference between both domains decreases
and according to the domain distribution estimated by
the Ising chain model8 both domains coexist. On the
other hand, by approaching the [100]-direction, the pre-
dicted values of BD and BM become almost equal in
value such that the magnetic resonance frequency of both
domains becomes similar, too. The structure in the an-
gle dependence of the linewidth around ϑ = 45◦, 135◦
may be therefore due to a superposition and exchange-
narrowing of anisotropic resonance signals arising from
different domains. A similar behaviour was suggested for
CdCr2S4 where four resonance fields are combined via
exchange narrowing into one line17.
IV. SUMMARY
GdRh2Si2 presents an exemplary case for easy-plane
magnetic order with a weak in-plane magnetic anisotropy.
The presented magnetic resonance data in the magnet-
ically ordered regime depict a ferromagnetic resonance
mode displaying features similar to a paramagnetic res-
onance mode. Its anisotropy can nicely be described by
a resonance condition for the ferromagnetic sublattices
with weak anisotropy together with a mean-field model
which assumes that the ordered magnetic moments are
aligned parallel to the [110]-direction8.
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Appendix A: Internal field in the AFM phase
In Ref. 8 a free energy-based model to describe the
AFM phase of GdRh2Si2 was introduced. The free en-
ergy is
F = −TS − 1
2
(MA +MB) ·B+ φ(MA,MB)
= −TS − 1
2
(MA +MB) ·B+ EFM + EAFM + Fan
with the contribution within a plane
EFM = −3kB
µ2eff
(ΘW + ΘN )
1
8
(M2A +M
2
B )
and between planes
EAFM = −3kB
µ2eff
(ΘW −ΘN ) 1
4
(MA ·MB ).
The anisotropic part Fan will be neglected for the dis-
cussion of the c-direction. We consider the field that is
produced by a ferromagnetic plane B and acts on an ion
of the sublattice A
F = −1
2
MA ·B︸ ︷︷ ︸
Zeeman Term
− 3kB
µ2eff
(ΘW −ΘN ) 1
4
(MA ·MB )︸ ︷︷ ︸
between layers
+ · · ·
= −1
2
MA
[
B+
3kB
µ2eff
(ΘW −ΘN ) 1
2
MB )︸ ︷︷ ︸
Binterior,B
]
+ · · · .
5In the following, we determine the magnetization MB of
one ferromagnetic layer. We have
M2 +D2 = D20, D0 = Msat
√
1− T
ΘN
,
with Msat = 7µB. For the field along the c-direction we
have M ⊥ D and in particular
M(B) = χ⊥Bz.
This results in
MA = (D, 0,M) = (
√
D20 − (χ⊥Bz)2, 0, χ⊥Bz)
and MB = (−D, 0,M).
Therefore we have
M =
1
2
(MA +MB) = (0, 0,M),
D =
1
2
(MA −MB) = (D, 0, 0).
For the choice of the coordinate system see Fig. 8 in
Ref. 8. The field that acts on an ion of the sublattice
A, which is created by the sublattices A and B, reads
Binterior,A,B(T,Bz) (A1)
= −2 ∂
∂MA
[EFM + EAFM]
=
3kB
µ2eff
[
ΘW
1
2
(MA +MB) + ΘN
1
2
(MA −MB)
]
=
3kB
µ2eff
{
ΘW
2
M+
ΘN
2
D
}
=
3kB
µ2eff
ΘN√M2sat(1− T/ΘN )− (χ⊥Bz)20
ΘW χ⊥Bz
 . (A2)
The values of ΘW = 8 K and ΘN = 107 K and µeff =
8.28µB and χ⊥ = 0.149µB/T have been determined by
magnetic measurements6,8.
Appendix B: Inplane anisotropy
In the following, we consider the behaviour of one do-
main. We use the meanfield model developed in Ref. 8
to predict the ESR resonance field for an external field
B applied perpendicular to the crystallographic [001]-
direction. The free energy
F (ϕ) = F0(D0)−B
2
4
(χ⊥ + χ‖)− B
2
4
(χ⊥ − χ‖)u
+
B2sf
8
(χ⊥ − χ‖) sin2 2ϕ
with u = − cos(2ϑ− 2ϕ), Eqn. (6)8, and the magnetiza-
tion
M = χˆB = χ⊥ (1− eD ⊗ eD)B+ χ⊥ eD ⊗ eDB,
FIG. 5. On the choice of the coordinate system.
Eqn. (4)8 serve as the starting point. For the choice of the
coordinate system see Fig. 5. For our purpose it is suffi-
cient to ignore χ‖. The ESR interaction is that fast, that
we do not expect an isothermic relaxation. Here, only
χ⊥ is relevant since this keeps the entropy unchanged.
Therefore, the magnetization becomes
M = χ⊥BMeM
with BM = B · eM for B aligned perpendicular to the
[001]-direction. The free energy
F (ϕ)
= F0 − χ⊥ B
2
4
[ 1− cos(2ϑ− 2ϕ) ] + χ⊥ B
2
sf
8
sin2 2ϕ
can be minimized with respect to ϕ
∂
∂ ϕ
F (ϕ)
= χ⊥
B2
2
sin(2ϑ− 2ϕ) + χ⊥ B
2
sf
4
cos 2ϕ sin 2ϕ
= 0.
With BD = B cos(ϑ− ϕ) and BM = −B sin(ϑ− ϕ) the
minimum condition reads
−BD BM + 1
4
B2sf sin 4ϕ = 0. (B1)
The decomposition of B = Bext (Fig. 5) into BD and BM
is done with respect to one AFM domain which consists
of two FM sublattices. In the paramagnetic regime, the
ESR frequency ω can be decomposed in the following
way: The square of ω is the sum of three parts that arise
from the three components of the external field. This
reads as
ω2 = ω2x + ω
2
y + ω
2
z
with
ωx = γ Bx, ωy = γ By, ωz = γ Bz.
We deduce a similar ansatz, to describe the ESR fre-
quency in the ordered regime. In particular, we describe
the ESR behaviour of one certain domain. First of all, we
introduce ωfield and take into account that the external
magnetic field decomposes in a parallel BD and orthogo-
nal component BM with respect to the ordering param-
eter D. Furthermore, we account for the anisotropy in
6the system by utilizing ωaniso and add a constant term
ω0. These considerations lead to the ansatz
ω2 = ω20 + ω
2
aniso + ω
2
field(B).
An arbitrary analytic function that respects the symme-
try of one domain has the form
φ(B) = φ0 + cD B
2
D + cM B
2
M
and we can write
ω2field(B) = γ
2
D B
2
D + γ
2
M B
2
M .
For symmetry reasons, there is a pi/2 periodicity upon
rotations in the basal plane of the tetragonal lattice, such
that
ω2aniso = ω
2
an cos 4ϕ
and summation yields
ω2 = ω20 + ω
2
an cos 4ϕ+ γ
2
D B
2
D + γ
2
M B
2
M (B2)
for the resonance frequency. To introduce the ampli-
tudes into the fit formula, we use the [100]-direction
where the resonance field has its maximum Bmax and
the [110]-direction where the resonance field has its min-
imum Bmin. We choose the coordinate system such that
ϕ is the angle between the [110]-direction and the order-
ing vector D. In both cases, the external field is parallel
to a main symmetry axis, such that B = BM . This leads
to
ω2 = ω20 − ω2an + γ2D B2D + γ2M B2max
ω2 = ω20 + ω
2
an + γ
2
D B
2
D + γ
2
M B
2
min.
From these two equations we determine
ω2 − ω20 = γ2M
1
2
(B2max +B
2
min )
ω2an = γ
2
M
1
2
(B2max −B2min ).
With Eqn. (B2) we get
1
2
(B2max +B
2
min )−
1
2
(B2max −B2min ) cos 4ϕ
= ξ B2D +B
2
M (B3)
with a parameter ξ = (γD/γM )
2 to be determined by fit-
ting. To parametrize the plot in ϕ, which is the angle be-
tween the x-axis ([110]-direction) and the direction of the
ordering vector D, we rewrite Eqn. (B1) and Eqn. (B3)
and get
B2M + ξ B
2
D = A1 (B4)
BM BD = A2 (B5)
with
A1 :=
1
2
(B2max +B
2
min )
−1
2
(B2max −B2min ) cos 4ϕ (B6)
and
A2 :=
1
4
B2sf sin 4ϕ. (B7)
To solve these equations we multiply Eqn. (B4) by B2M
and get a quadratic equation
B4M + ξ A
2
2 = A1B
2
M .
From the two solutions we use the larger one
B2M =
A1
2
+
√
A21
4
− ξ A22
such that |BD| < |BM | is fulfilled. Now we compute the
component of the external field that is parallel to D
B2D =
A22
B2M
=
1
ξ
{
A1
2
−
√
A21
4
− ξ A22
}
.
This yields the square of the external field for the reso-
nance condition:
B2res = B
2
M +B
2
D
=
(
1
2
+
1
2ξ
)
A1 +
(
1
2
− 1
2ξ
)√
A21 − 4 ξ A22. (B8)
Since we have
BM = Bres cos(ϑ− ϕ), BD = Bres sin(ϑ− ϕ)
we get
A2 = BM BD =
1
2
B2res sin(2ϑ− 2ϕ).
With this we get a relation between the resonance field
Bres and the angle ϑ between the external field and the
[110]-direction
ϑ = ϕ+
1
2
arcsin
2A2
B2res
(B9)
using Eqns. (B6),(B7),(B8). For ξ → 0 (and γD → 0)
the ESR data are described well by Eqn. (B9) as shown
in Fig. 4, right frame.
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